INTRODUCTION
Photochemical carbon dioxide reduction in the purple bacteria differs from the process of photosynthesis in green plants in that a reducing substance other than water is required (van Niel and Muller (1931) ). Sulfur compounds (van Niel (1931) ), organic acids (Gafiron (1933 (Gafiron ( , 1934 (Gafiron ( , 1935 Muller (1933) ), and gaseous hydrogen (Roelofsen (1934 (Roelofsen ( , 1935 ; Gaffron (1935 a) and van Niel (1935) )may be used. The present discussion concerns the reaction which takes place in suspensions of Streptococcus varians when irradiated in the presence of H~ and CO~.
For the quantitative study of a photochemical reaction the amount of chemical change produced by a known quantity of light absorbed by the reacting substance or sensitizing pigment must be measured. The investigation of quantum yields of processes in live ceils has three aspects: the optical, the chemical, and the physiological. The optical side of the problem is concerned with the determination of the amount of light absorbed per unit time under the experimental conditions by the reacting substance or by the sensitizing pigment, and with making certain that scattering and absorption by other colored substances do not obscure the result. In the classical experiments of Negelein (1922, 1923) on photosynthesis in the alga Chlorella ~lgaris, thick suspensions of cells were used so that absorption was complete. For the present work it was found impossible to use this arrangement so thin suspensions of measured transmissions were employed (Wurmser (1926) ).
The amount of chemical change was measured with a slightly modified differential manometer.
On the physiological side it is essential to insure that the cells are 711 The Journal of General Physiology all actively metabolizing and that the experimental conditions are so chosen that the maximum possible chemical change is produced for a given amount of light.
As there is little free energy change in going from the gases 2H, % CO2 to the probable product (presumably similar to a carbohydrate), it is of especial interest to compare the quantum yields of this reaction with photosynthesis in algae where the bound energy is large.
EXPERIMENTAL

Physiology o/the Hydrogen and Carbon Dioxide Assimilation
Before quantum efficiency can be measured and considered to have a real meaning it must be established that the rate of reaction under the conditions of the experiment is limited by the light intensity and by that alone. Preliminary experiments were made to determine the most favorable methods of growing and handling the bacteria so that essentially all the bacteria were alive and active at the time of the experiment. The factors of H, pressure, CO, pressure, pH, temperature, light intensity, and time interval of the experiment were studied and the effects will be summarized here.
A pure culture of Streptococcus varians designated as Cll was obtained through the courtesy of Professor C. B. van Niel. Stock cultures were maintained as stabs in agar with peptone or in the yeast extract medium here described. The cultures for daily use were grown overnight at 35°C. over an Osram show-case lamp immersed in the thermostat. Flasks of the type used by Warburg for Chlorella cultures were filled with 100 cc. of sterile medium and inoculated with 2 cc. of a similarly grown inoculating stock culture kept under pure culture conditions at 0°C. The air was blown out of the flask with a stream of 5 per cent CO, in argon and it was sealed by attaching the same rubber tube to both openings which were plugged with cotton. Such anaerobic cultures were brown while aerobic ones were red. The medium had the following composition:
KI 2.0 " " In the morning the suspension was centrifuged half an hour at 6,000 R.P.~¢. (radius about 25 cm.) and the culture solution decanted off. The bacteria were 1 Yeast autolyzed 2 days at 50°C. with an equal volume of water, then boiled, centrifuged, decanted, and sterilized. then taken up in 5 cc. of tap water and centrifuged at 10,000 R.P.M. (radius about 10 cm.) for 1 minute, which threw down a sediment produced by the culture medium, leaving the bacteria suspended. 10 minutes sufficed to pack the bacteria down; then they were resuspended in the desired medium for the experiment, generally 0.05 M KI-ICO8 in tap water. Control experiments demonstrated that the rate of assimilation by centrifuged and non-centrifuged cells was identical and that bacteria of differing activity could not be fractionated by partial packing, as is illustrated by the data in Table I . Cell volumes of suspensions were measured in hematocrit tubes after 10 minutes of rotation at I0,000 R.P.M.
That assimilation of COs and Hs takes place in the light but not in the dark is apparent in Table If . The assimilation of COs in the presence of butyratc is also shown. Throughout this work it was assumed that two molecules of hydrogen were used for one of CO~, as was shown to be the case with related bacteria by Gaffron (1935 a). On this basis pressure readings were translated to cubic millimeters of hydrogen.
In Fig. 1 it is seen that 5 per cent COs is more than adequate for saturation with CO2. Fig. 2 shows the rate of assimilation at different pH values with 5 per cent CO2/H~ as a function of time. The marked increase of rate with time in the favorable range pH 7.5 to 7.9 led to the two experiments shown in Figs. 3 Both these suspensions show a decrease in rate at the same time whereas the amount of assimilation and amount of light absorbed is widely different in the two vessels. This suggests that the changes may be due to something llke an osmotic or salt effect rather than COs exhaustion or accumulation of photosynthetic products. There was practically no change in cell volume during the experiment.
culture increases in rate just as rapidly as a thin one. The effect is not due to growth of bacteria as the cell volume does not increase during the experiment. This increase of rate is dependent on the salt content (Fig. 4) curve is sigmoid and more markedly so at high temperatures. Over thirty experiments confirmed this relationship. It follows from these curves that dense suspensions absorbing all the light cannot be used for efficiency experiments because in a totally absorbing suspension different cells receive greatly different intensities. However, for the curves of Fig. 6 a dense suspension was used and total absorption assured by silvering the outside of the vessel. It is seen that the near infrared is much more effective per calorie absorbed. This is consistent with more detailed work on the spectral 
Measurement of Light Absorption by Bacterial Suspensions
It was not possible in the spectral region used to estimate the absorption of a suspension of cells by measuring the absorption of the extracted pigment because the main band in the infrared is shifted very greatly in alcohol. Therefore, we have used simply the absorp-tion of the dilute suspension as measured directly with a photocell behind a thin absorption vessel Various experiments described here appear to justify the conclusion that one obtains, under the specified
700-900 Control experiments with visible light were made in thick vessels to see if the scattering of light was significant in relation to pigment absorption. The bacteria have a sharp absorption band at 590 m~ due to the green pigment.
For the purpose of measuring the light coming out the different faces of rectangular vessels, sodium light, 589 m~, was measured with a flat surface photocell placed in contact with the glass wall of the vessel As visible light was used the reflection due to the cells conld be approximately determined by comparison with a magnesium oxide surface illuminated by a beam which was dimmed by filters till it appeared equal in brightness to the suspension viewed at a small angle from the direction of the light. The transmission of the filter combination was then determined with the photocell. Table IV shows the approximate percentage of visible light emerging from the various faces of the vessel and hence the absorption within the suspension. In the large vessd, an appreciable absorption by the bleached cells is noticed but this is smaller in the thinner vessel. The greater apparent scattered light in the bleached suspension is attributed to its lack of absorbing pigment.
The amount of scattered light lost at the sides is about 10 per cent under these conditions. In thinner vesseLs--0.1, 0.2, and 0.5 cm.--as used for the measurements described below it would be only a few per cent and with infrared vanishingly small.
Evidence of far less scattering in infrared (852 m~ + 894 m#) than in sodium light was obtained by varying the distance from vessel to photoceU. With visible light the photoceU current fell rapidly as the distance was increased, so all readings had to be made with the ghss vessd in contact with the photocell. With infrared the cell could be moved a centimeter away before a fall in readings was obtained.
Small but regular deviations from Lambert's and Beer's laws are shown in Table V for visible light passing through cell suspensions. Light from a monochromator, wave length band 580-600 m~, was used. Fig. 7 shows the apparatus with which absorption measurements were made in the infrared. * Absorbed was taken as Io = 100 -I -I, -I,. Light enters 1.5 × 1.58 face. I0 has been reduced 4 per cent to allow for air-glass reflection of entering light. No reflection correction was applied for partial reflection of the light leaving the suspension since it is mainly absorbed.
In Tables VI and VII are sample measurements of transmissions of bacterial suspensions in the concentrations used for the manometric experiments. Beer's and Lambert's laws are followed within the rather large error. Transmissions of the suspensions used in the manometer were always measured in three vessels of 0.097, 0.202, and 0.50 cm. and plotted against the thickness. As the average thickness of the liquid in the manometer vessel was 0.293 cm. the transmission at this value was determined by interpolation and the fraction absorbed, F, 
The Light Source and Optical System
An Osram 2 caesium tube was used for a line source. When operated at 3 amperes in series with a choke coil and a resistance on the 220 volt A.C. circuit it Through the kindness of Dr. Teissing of the Physikalisch-Technische Reichanstalt an Osram caesium tube was placed at our disposal.
Various sources with appropriate filters for isolation of single lines in the near gave ,he spectrum shown in part D of Fig. 8 . Nearly all the intensity is in the lines at 852 m/~ and at 894 m~. Schott filters BG3 and RG2 with 6 cm. of water were used to remove the visible and far infrared. If desired Agfa filter No. 85 may be used to remove completely the weak lines of shorter .wave length than 840 m~. Didymium glass also has useful bands in this region. Fig. 9 shows the spectrogram of the bacterial suspension. From a comparison of Figs. 8 and 9, it appears that 852 m# and 894/~ are absorbed to roughly the same extent by the bacteria and both lines fall within the same absorption band. It is felt that this tube is a satisfactory source for work in this region which falls between the much studied visible spectrum and the now popular longer wave infrared. When used with the optical system shown in Fig. 10 , the available energy was 200 × 10 -3 cals./min, when the tube was new but decreased to one-third of this infrared, visible, and ultraviolet spectrum are described in pamphlets issued by the Osram Studiengesellschaft, Berlin.
FIG. 8. Near infrared spectrogram of the caesium lamp.
Taken with Zeiss spectrograph for chemists converted for infrared work with the grating. The wave length region has been shifted 300 m~ in relation to the scale on the plate. The number at the bottom shows correct wave length. Plate, Agfa "850." Schott filter RG2 used to cut off second order spectrum. it essential to carry out measurements over a large range in order to find the maximum slope.
Quantum Yield Experiments
7 cc. of t h e suspension of b a c t e r i a in 0.05 ~ K H C O 3 in t a p w a t e r was p l a c e d in one vessel of a differential m a n o m e t e r a n d some of t h e s a m e suspension set aside for t h e t r a n s m i s s The vessel constants, kH2 and kco2, were obtained by the formula given by Warburg (1926) .
i o n d e t e r m i n a t i o n s . T h e control vessel c o n t a i n e d 7 cc. of t h e b i c a r b o n a t e solution w i t h o u t b a c t e r i a . On t h e a s s u m p t i o n t h a t t h e
The vessels (Fig. 10) All the experiments described in this section were done at 9.2°C., as at higher temperatures the initial fiat portion of the intensity-rate curve was exaggerated and at lower temperatures the rates were too small to measure accurately. Readings were made for two 5 minute periods at each light intensity after 5 minutes adaptation. In Fig. 10 is shown the arrangement for illuminating the vessel. The single lens produces a round, sharp, evenly illuminated image of the condenser lens at the vessel plane, the area B of which is computed from the measured diameter. The thermostat was designed to give as short a light path as possible through the water which absorbs appreciably at 850 m#. The dish of CaC12 keeps the air in the chamber dry, eliminating fogging of the glass surfaces. Absolute energy measurements were made either at the beginning or end of the experiment with a bolometer which measured all the light in the beam focussed upon it with a shorter focus lens than that used to illuminate the vessel. The intensity at the plane of the vessel is given by:
where R --reflection correction for glass between bolometer and vessel, Tw --transmission of 1 cm, water for 852 m# ffi 0.96 B ffi area of light circle at vessel 21,300 X 10 -8 = bolometer calibration factor determined with a Hefner lamp ~q = resistance in ohms in circuit to bring the galvanometer back to zero during illumination of bolometer.
The intensity could be diminished to nearly any desired value with a set of neutral glass filters calibrated bolometrically with this light.
Measured rates of assimilation in millimeters of Brodie solution per 5 minutes were plotted against light intensity (Fig. 11) .
The Einstein, (mole quantum), is: N~ 6.06 X 10 ~* X 6.55X10 ~7 X 3 X 101° 1 Einstein ffi Nhv ffi --ffi ;~ 852 X 10 -7 ffi 1.40 × 10'" ergs = 33,500 cals. Table VIII . The number of quanta required to assimilate one Hs, as cslculated from the slope of the plots of rate of assimilation against light intensity, is shown as a function of the intercept of the extrapolated straight part of the curve on the intensity axis. Each point represents the results of one experiment. The point with the black dot is the sample experiment the data of which is given in full and plotted in Fig. 11 . This plot makes it evident that as the inhibiting effect seen at low light intensifies is removed, the value approaches 2 quanta per H~.
We will designate by ~, the number of mole quanta required to make 1 mole of H~ disappear. where ql is the bottom area of the bacterial suspension exposed to light and F is the fraction absorbed.
In Table VIII we have summarized the quantitative experiments made as described above. As a measure of the amount of the flattening at the bottom of the curve we have taken the intercept of the straight line portion with the zero axis. This value, as well as the quantum yield, varies with the previous treatment of the bacteria; it appears to approach zero and the number of quanta 2 per H~ as more favorable handling is approached. That is, 4 quanta are required for the reduction of one CO2 molecule.
DISCUSSION
The main point of this paper is to show that the mechanisms of photosynthesis in the green plant and in purple bacteria are similar because both types take about 4 quanta to reduce one CO2 molecule. Green plants fix energy by making carbohydrate from CO, and tt20 while in the case of a reaction with 2H~ and 1C02 there is little if any energy change in going to carbohydrate or similar substances. Instead of reacting with water and splitting out 02 the bacteria take in H~. There is in these bacteria no reaction between H~ and COs in the dark as is the case in some species. The dark readings are very small and in the opposite direction, as though there were fermentation or acid production. 0nly with very dense cultures is this appreciable.
In the quantum yield experiments the pressures were always negative. There is no need for assuming a constant rate of a predominating dark reaction as in the case with green plants where respiration goes on faster than photosynthesis at the low intensities used for efficiency measurements. As these experiments with bacteria were done anaerobically and no 09 is produced there is no respiration. Quantum yield experiments on CO~ reduction by butyrate in Spirillum rubrum (which does not use 1-I2) were not very successful, possibly because of the high fermentation rate.
It should be pointed out that the shape of the intensity curves cannot be attributed to a reaction dependent on having 2 or more quanta hit the same place nearly simultaneously because the curve is very much influenced by temperature and previous treatment of the bacteria. As a working hypothesis not yet contradicted by any facts it is thought that at low light intensities another photochemical reaction involving possibly CO, and an organic substance takes place in preference to the hydrogen assimilation. With the hope of removing this hypothetical organic substrate the bacteria were treated in various ways as shown in Table VIII . Shaking with air made the back extrapolated straight portion of the curve very nearly go through the origin and gave the highest efficiency. Whatever the reason, this treatment considerably improved the yield. Bacteria left in H~ at 25 ° in 0.05 ~ KHCO, in the light for 24 hours were not motile nor photosynthetically active.
The accuracy and number of the determinations is not yet as great as could be desired, but since the absorption measurements can be in error only in the direction corresponding to too large a number of quanta it seems fairly evident from Table VIII and Fig. 12 that the probable value is 2 quanta per H, or 4 per CO,. SUMMARY 1. The effect of H, tension, CO2 tension, pH, time, light intensity, density of suspension, salt content of the medium, and certain spectral regions on the rate of photoassimilation of H2 and CO, by Streptococcus varians has been studied.
2. The method of making light absorption measurements with thin suspensions of bacteria is described.
3. A light source, optical system, and filter for isolating 852 m/z with 894 m# in sufficient intensity for photochemical work and an improved design of thermostat are given. 4. The photoassimilation of 2H~ with 1CO~ apparently involves little over all energy change but nevertheless requires 4 quanta.
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